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ABSTRACT 

The experiments reported herein were conducted for determining how 

basic injection variables influence high frequency combustion pressure 

oscillations in rocket motors. A gaseous bipropellant rocket motor 

burning ethylene and air as propellants was utilized. The three basic 

injection schemes included in the investigation were: 

(1) injection at the head end of the motor, 

(2) injection at the side of the combustion chamber, and 

(3) injection at the nozzle end of the motor. 

The experiments indicated that the injection location and pattern 

have a profound effect on the mode and occurrence of combustion pressure 

oscillations. It was determined that the mode of oscillation could be 

predicted by choosing the right injector. Furthermore, combustion 

oscillations could be completely suppressed by injecting at the proper 

location. This latter location was different for the different modes 

as -.ould be expected. 



INTRODUCTION 

Stable combustion during the testing of a rocket motor is of prime 

importance for the successful operation of the motor. When combustion 

instability occurs in a rocket motor; the heat transfer rate to the com- 

bustion chamber walls greatly increases. Consequently; the vails rapidly 

reach excessive temperatures; and structural failure is usually the end 

result. 

It has been found in the studies of high frequency oscillations (l) 

(2)* that injection plays a very important role in the instability of a 

rocket motor. The experiments reported herein were designed to study 

some of the basic injection variables and their effects on combustion 

instability in a rocket motor burning premixed gases. The injection 

schemes considered in this investigation are shown in Fig. 1. 

The experiments conducted herein were divided into three phases: 

Phase I    Investigation of the effects of injection from the head end 

of the motor or. transverse combustion pressure oscillations.** 

Phase II   Investigation of ehe effects of injection from the chamber 

walls on transverse and longitudinal combustion pressure 

oscillations. 

Phase III  Investigation of the effects of injection from the nozzle end 

of the motor on transverse combustion pressure oscillations. 

* Numbers in parentheses Indicate references in the Bibliography. 
**  A discussion of the modes of  combustion pressure oscillations is 

presented in Appendix 3. 
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Upon completion of this study the first phase of a long range com- 

bustion instability research program was completed. The complete program 

is described in References (3) and (k).    The program is a logical sequence 

of steps starting vith lower order combustion systems burning premixed 

gases to higher order systems burning unmixed liquids. Each progressive 

step adds one or more variables to the previous phase. The final goal 

is the combination of all phases to a useful conclusion which would help 

in the design of rocket motors free from combustion pressure oscillations. 

A description of the previous experimental work done on high fre- 

quency combustion pressure oscillations performed at the Purdue Jet 

Propulsion Center is presented in References (3) through (8). 



METHOD OF INVESTIGATION 

General Discussion 

A rocket motor having a 7 in. inside diameter and turning premixed 

ethylene and air was used in all of the experiments reported herein. 

The use of premixed gases eliminated such factors as vaporization, 

mixing, and atomization. Since only one fuel-oxidizer combination was 

burned, the only variable 'under.investigation was that of the location 

of the injection of the unbumed propellants. That is, the location of 

the heat release obtained from the combustion process. This location 

is important for determining both the mode and amplitude of the oscil- 

lations. Several locations of the injection of the unburned propellants 

were selected with a view toward determining whether or not the dif- 

ferent modes could be excited.  Those locations are discussed separately 

below. 

Each rocket motor system discussed below was operated over an 

operating range from a mean chamber pressure of 20 psia to about 

200 psia and from an ecp'.lvalence ratio* below the lower inflammability 

limit to  about 1.8 at 200 rsia mean chamber pressure and to about k.O 

at lower mean chamber pressures. The upper limits to the operating 

range were subject to the limitations of the propellanc supply systems. 

* Equivalence ratio is defined as the fuel-air ratio by weight divided by 
the stoichicmetric fuel-air ratio by weight. 
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Figure 2 illustrates the thrust stand and an experimental rocket motor 

equipped vith side injection. 

Any periodic combustion pressure oscillations that occurred during 

the operation of the motor were recorded on a multi-channel magnetic 

tape recorder. The propellant flow rates and mean chamber pressure at 

which the oscillations occurred were also recorded. The mode and ampli- 

tude of the pressure oscillations were determined from the pressure 

signals recorded by the tape recorder. 

From the data obtained; the so-called instability regions (see 

Fig. h  for a typical region) were determined thereby defining the stable 

and unstable operation of a given injection and combustion chamber system. 

A comparison of the instability regions, mode,, and maximum amplitude of 

the pressure oscillations was made of the different injection schemes. 

Conclusions were then drawn concerning the effects of the various in- 

jection locations (heat release locations) on the several modes of com- 

bustion instability. 

A description of the apparatus and the procedure for conducting 

each rocket motor run and evaluating the data from a run are presented 

in Appendices C and D respectively. 

Experiments Z:::ploying Head End Injection 

Three different injection patterns were employed to determine the 

effects of injection locaöion in the head end of the combustion chamber 

on combustion instability. Figure 3 illustrates the three different pat- 

terns. A complete description of the head end injection system is given 

in Appendix C.  Each injeccor was tested in 2 in. and 6 in. long com- 

bustion chambers over the previously mentioned ranges of mean chamber 



Pig.   2      Racket Motor Installat: 
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pressure and equivalence ratio. From the data obtained, the instability- 

region; mode, and amplitude of the combustion pressure oscillations sup- 

ported by each injection scheme was determined so that comparisons could 

be made to the other systems. 

Experiments Employing Side Injection 

Injection in the side of the chamber was accomplished with six in- 

dividual injector units each containing two injection holes. Each unit 

was identical to a unit used in the head end injection system. The in- 

jector units were equally spaced around a 2 in. long combustion chamber 

spacer. By proper arrangement of the combustion chamber spacers, side 

injection could be accomplished at several different distances from the 

nozzle. A complete description of the side injection system is given 

in Appendix C. 

The side injection systems were operated over the previously men- 

tioned operating range with chamber lengths of 2, 6, and ik  inches. In 

the 6 and 1^ in. chambers, the propellants were injected 1 in. from the 

head end of the chamber, 1 in. from the nozzle end of the chamber, and 

midway between the head end and nozzle end of the chamber. As for the 

case of the head end injection studies, the instability region, mode and 

amplitude of the combustion pressure oscillations were determined for 

each side injection scheme. 

Experiments Employing Nozzle End Injection 

The individual injector units used in the side end injection studies 

were employed in the nozzle end injection studies. The injector units 

were located in the nozzle plate so as to give the same injection pattern 



as injector A in the head end injection studies (see Fig. 3)- 

The nozzle end injection system was operated with chamber lengths 

of 2 and 6 in. and the mean chamber pressures and equivalence ratios 

mentioned above. As in the previous phases, the instability region, 

mode, and amplitude of the pressure oscillations supported by nozzle 

injection were determined. 
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EXPERIMENTAL RESULTS 

Instability Regions 

Head End Injection 

Instability regions are a graphical means of illustrating that por- 

tion of the total operating region of a particular motor where combus- 

tion pressure oscillations occur. Figure i+ is a typical instability 

region. The outer boundary divides the operating region of the motor 

into a region of steady or no combustion (outside the curve) and a 

region of oscillatory combustion (inside the curve). The lines inside 

the region represent lines of constant peak-to-peak amplitude of the 

pressure oscillations. 

Figures h  and 5 are the instability regions for head end injector A 

with injection holes on a 6 in. diameter circle. Figure h  is for a 2 in. 

long chamber and Fig. 5 is for J, 6 in. long chamber. The instability 

region for the 2 in. length :s larger than that observed for the 6 in. 

length and the combustion jscillations occurred at a mean chamber pres- 

sure as low as 27 psia. A  region of high amplitude (up to 80.0 psid) 

oscillations was found near the lower inflammability limit and another 

one near an equivalence ratio of 1.8.  The instability region for the 

6 in. long chamber is similar bo the region found for the 2 in. long 



11 

•H 
r-i 

a 
d 

tr >5 z> ..J 
00 • H 
01 

tr 
Q- 

•H 

■p 
■-1 

(T r-1 

f^ H 
5 < 
X o -J- 

VJ 
•H 
fe 

OliVd     30N31VAinOj 



12 

w 
QJ 
« 
3 
-P 
•H 
H 
ft 

< ^ 
0) 
Q- TS 

iü ä 
a 

in o 
m •H 
LÜ M 
tr U 
0- K 

>, 
(T 

-P 
■H 

UJ 
CD 

H 
2 
< 
r 'sj 
o p 

•H 

o CO (0 "T OJ O 00 

rO [\J CVJ OJ (\J CM - 

OUVb     33N3"lVAin03 



13 

chamber with the exception that no oscillations occurred until a mean 

chamber pressure of k2 psia was reached.*' 

Injector 3 with the injection holes on a '+ in. diameter circle was 

operated over the complete operating range and no combustion pressure 

oscillations were observed in either the 2 or 6 in. long chambers; how- 

ever; rough burning** was observed in both motors when the equivalence 

ratio was about 1.0. Figures 6 and 7 illustrate these regions for the 

2 and 6 in. motors respectively. Figure 8 is a typical oscillograph 

record taken during rough burning. 

Figures 9 and 10 are the instability regions for injector C (2 in. 

diameter injection circle) for chamber lengths of 2 and 6 in. respectively. 

For the 2 in. lengthy a region of oscillations of the second radial mode 

(10;000 to 17;000 cps) was observed centered about an equivalence ratio 

slightly above 1.0. A region where oscillations of the first and second 

tangential modes (2000 to 5000 cps) occurred bounded the former region 

on the high equivalence ratio side. For the 6 in. length (see Fig. 10), 

the region of instability had no complex inner regions. The "toe" oc- 

curred at a chamber pressure of about ^+7 psia and an equivalence ratio 

around 1.25. 

Side Injection 

Figure 11 is the instability region for side injec"i;ion in a 2 in. 

long combustion chamber. The region of instability was divided into an 

* A complete discussion of the instability regions found using this in- 
jector with combustion chanber lengths from 2 through 12 in. is given 
in References (3) and (k). 

■** Rough burning is that type of burning where low amplitude pressure 
oscillations occur exhibiting no definite frequency or phase rela- 
t''nship. 
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area wherein second tangential oscillations occurred and an area wherein 

first tangential oscillations occurred. The toe of the region occurred 

at an equivalence ratio of 1.4 and a mean chamber pressure of 52 psia. 

No periodic combustion pressure oscillations were observed at any 

point of operation for the 6 in. long combustion chamber with side in- 

jection. 

Figure 12 is the instability region for a ih  in. long motor with 

injection at a location in the side of the chamber 13 in. from the noz- 

zle. Oscillations were observed at a mean chamber pressure as low as 

20 psia. Similar results were obtained in References (5) and (6) for 

the head end injection system in a 3 3/8 iu> diameter motor. Only stable 

and rough burning were observed when injecting 7 in. from the nozzle in 

the Ik  in. long motor. 

Figure 13 is the instability region for the Ik  in. long motor with 

side injection at a location 1 in. from the nozzle. The region is 

similar to the one found in the experiments in which the gases were 

injected 13 in. from the nozzle. 

Nozzle End Injection 

Figures Ik  and 15 are the instability regions for the experiments 

in which the gases were injected in the nozzle end of the combustion 

chambers having 2 and 6 in. chamber lengths respectively. The region 

for the 2 in. length was similar to the region obtained from the experi- 

ments with head end injector A and a 2 in. long chamber. The peak-to- 

peak amplitude of the pressure oscillations was much lower for the ex- 

periments with the nozzle end injector than for those of the head end 

injector. It can be recalled that the injection pattern for the nozzle 
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end injector was identical to that of head end injector A. The instability- 

region for the rocket motor configuration consisting of a 6 in. long 

chamber and the nozzle end injection system exhibited only low (about 

1.0 psid) peak-to-peak amplitude pressure oscillations. 

Modes of Oscillation 

Head End Injection 

Only one mode of oscillation was found using injector A with both 

the 2 and 6 in. chamber lengths. Figure l6 is an oscillograph record 

of this mode of oscillation. It was identified as a first tangential or 

"spinning" mode by analyzing the phase relationship and frequency of 

the different pressure traces (see Appendix B for a discussion of the 

theoretical modes of oscillation). The frequency of the oscillation was 

2^00 cps. 

As was stated in the previous section; no definite mode of oscilla- 

tion was observed using injector B with either the 2 or 6 in. long com- 

bustion chambers. 

Figure 17 is an oscillograph record of the high frequency oscilla- 

tions which occurred in a 2 in. long ccmbustion chamber using injector C. 

An analysis of Fig. 17 indicates that the frequency of oscillation is 

11;800 cps.  The frequency and phase relationship of the different 

pressure traces indicate that the above mode of oscillation is a second 

radial mode. This type of mode occurred using injector C in a 2 in. 

long chamber for fuel-air ratios approximately equal to the stoichio- 

metric value (see Fig. (j).    The other modes most frequently observed for 

this motor were the first and second tangential modes (see Figs. 9. l^^ 

and 19). 
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PHOTOCON 
LOCATION 

RUN       EYA     6-2 POINT      I 

MOTOR:   7" DIA. 2"  LENGTH 

6"   INJECTION     CIRCLE      DIAMETER 
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Fig.  it     OscUlograph Record of the First Pangential Mode 
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PHOTOCON 
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Fig.   L7      O^ciil.-^ra, h i^ocord of the Second Radial Mode 
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A first radial mode was the only mode of oscillation observed for 

the experiments using injector C with a 6 in. long chamber. Figure 18 

is an oscillograph record of this oscillation. An analysis of the 

record indicates that all four pressure traces are in phase and that 

the frequency of oscillation is 5200 cps. This corresponds to the 

radial mode. 

Side Injection 

The first and second tangential modes were the two modes observed 

when injecting in the side of a 2 in. long chamber. A first tangential 

mode is shown in the oscillograph record presented by Fig. l6. An 

oscillograph record of a second tangential mode is shown on Fig. 19« 

The latter oscillograph record indicates that the pressure oscillation 

at location 1 (see the left side of Fig. 19) is in phase with the oscil- 

lation at location 3 and out of phase with that at location 2. This in- 

dicates that two waves are "spinning" in the chamber (see Fig. 25). 

Trace h  indicates no pressure oscillations in the center of the chamber. 

Figure 20 is an oscillograph record of a first tangential mode with 

a radial mode superimposed on the tangential mode. In this case the 

transducer located in the center of the chamber (number h)  sensed only 

the radial mode, while the other three sensed both modes. 

As was stated in the previous section, no pressure oscillations 

were observed when injecting at any of the three injection locations in 

the side of a 6 in. long motor. 

Longitudinal and radial oscillations were observed for the experi- 

ments with the 1*+ in. long chamber having side injection 13 in. from 

the nozzle. Figure 21 is an oscillograph record of a longitudinal mode 
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RUN      EYA        2-15-6 POINT    29 

MOTOR:     7"   DIA. —   6"   LENGTH 

2"     INJECTION      CIRCLE    DIAMETER 

FREQUENCY 5200 cps 

E.R. =   1.51 Pc   =   175 psia 

PHOTOCON 

LOCATION 

NOZZLE   END 

PRESSURE 

(PSI) 

r20 

l i ■  ' i i i i i i i ' ' ' '  i i i i i ) 
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- 0 
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TIME MILLISECONDS 

Fig. 18  Oscillocji-aih Hecord of the Firüt Radial W Mode 
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RUN     EYA-2S-2-I POINT    17 

MOTOR-   7" DIA.-    2" LENGTH 

SIDE      INJECTION,        l" FROM    NOZZLE 

FREQUENCY        4500  cps 

E,R.= 1.20 Pc    =147 psia 

PHOTOCON 

LOCATION 

''llll 

HEAD   END 

PRESSURE 
(PSI) 

rl5 

0 

0 

rl5 

■0 

TIME MILLISECONDS 

Fig- 19  Oocii; 
'h  Record f  the Second r^-cnt. al Mode 
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RUN      EYA        2S-2-I POINT    25 

MOTOR:    7"  DIA.   —  2"   LENGTH 

SIDE   INJECTION,   l" FROM   NOZZLE 

FREQUENCY 2810 cps    a    5600 cps 

E.R.=   1.36 Pc •   146 psia 

PHOTOCON 
LOCATION 

HEAD  END 

PRESSURE 
(PSI) 

1—20 

- 0 
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RUN     EYA-2S-I4-4               POINT    18 

MOTOR:    7" DIA. - 14" LENGTH 

SIDE     INJECTION,       13"   FROM    NOZZLE 

FREQUENCY          1160 cps 

E.R. =   1.32                     Pc '   171 psia 

PHOTOCON PRESSURE 

LOCATION (PSI) 

HEAD  END ' i     ■                    1 , r30 

NOZZLE   END 

r30 

■ 0 

■10 

0 

20 

A 
^J      ^-wv 

TIME MILLISECONDS 

Fig. 21  OGcilLo{;rarh Record of the Longitudinal Mode 
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with a superimposed radial mode. An investigation of the oscillograph 

record indicates that the longitudinal mode had a frequency of ll6o cps 

and the radial mode had a frequency of about 10;000 cps. 

Longitudinal and radial oscillations were also observed in the 1^ in. 

long motor with injection in the side of the chamber 1 in. from the 

nozzle, while no oscillations were observed when injecting 7 in. from 

the nozzle. 

Nozzle End Injection 

The mode of oscillation observed when injecting in the nozzle end 

of the motor was the first tangential mode. This mode was observed in 

both the 2 and 6 in. long chambers. It is of interest to note that this 

mode was also observed when injecting in the head end with injector A 

(see Fig. l6). 

Summary of Results 

Table 1 on the following page presents a summary of the results 

found in this investigation indicating which injection scheme supported 

which mode of oscillation. 

Peak-to-Peak Amplitudes of the Pressure Oscillations 

Figures 22,  23,  and 2h  are graphs of the peak-to-peak amplitudes of 

the pressure oscillations observed. These were the maximum amplitudes 

observed at a given chamber pressure for any value of equivalence ratio 

or mode of oscillation. Figure 22 is for the 2 in. long chamber, Fig. 23 

for the 6 in. and Fig. 2h  for the ih  in. chamber. 

From Fig. 22 (2 in. long chamber) it can be seen that injection from 

the head end no.-.r th^ p-^r ~r.^vy  -■:" tfc? rh^-r.ber caused higher amplitude 
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oscillations for a given mean chamber pressure than the other injection 

schemes. That is, injection from the nozzle end of the chamber with an 

identical injection pattern caused much lower amplitude oscillations; as 

did injection from the side. Similar results are shown in Figs. 23 and 2k. 



39 

DISCUSSION OF RESULTS 

The Nature of Combustion Pressure Oscillations 

A brief description of the driving mechanism of combustion pressure 

oscillations will help in the discussion of the results obtained in this 

investigation. It is generally agreed that the mechanism by which both 

longitudinal and transverse combustion pressure oscillations are driven 

can be explained in the following manner. A small pressure wave initiated 

by some disturbance such as the reaction zone itself passes through the 

reaction zone and locally Increases the pressure and temperature of the 

burning and unburned i:rorellants. The increase in temperature and pres- 

sure causes an increase in the chemical reaction iaimediately behind the 

pressure wave.  This increase in chemical reaction tends to drive and 

amplify the pressure wave. The pressure wave would continue to grow if 

sufficient energy were released in the gases through which it was passing. 

In most cases, however, zne  amount cf energy available to drive and 

amplify the pressure wave is limited due to the tyre of propellants 

burned and the rate r.i  which they are supplied.  If the pressure wave 

makes a complete cycle before sufficient fresh irvrellants are injected 

into the chamber, the pressure wave cannot receive :nore energy and the 

wave will die out.  '■. the "thcr hand, if the propellants are injected 

rapidly, the pressure wave rr.ay receive enough energy to be amplified, 

and it may even be jrssiLle for more than one .r.vdal type of wave to be 

supported. 
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Head End Injection 

Head End Injection Near the Periphery of the Chamber 

The results of the head end injection studies indicated that injec- 

tion near the periphery of the chamber using injector A supported a 

"spinning" mode (see Fig. 25) in both the 2 and 6 in. long chambers. 

This mode was amplified since the energy was supplied where the pressure 

waves of the 'bpinning"mode could obtain the additional energy needed. 

That is; the energy was supplied at the location where the pressure 

variation was a maximum. Injection near the periphery should also sup- 

port a radial mode since the radial pressure oscillation was a maximum 

in the zone of chemical reaction. The frequency of the radial mode, 

however, was higher than the frequency of the "spinning1' mode. As a re- 

sult, the radial mode required more energy because the wave travel time 

was shorter. That is, its pressure wave returned to the combustion zone 

more frequently than did that of the "spinning" mode. For this reason 

the "spinning" mode was the mode that occurred in the tests with this 

injector. In some cases zhe  heat release rate was high enough to sup- 

port two waves; and a radial mode occurred which was of smaller amplitude 

and superimposed on the spinning" mode. 

A region of high amplitude pressure oscillations occurred near the 

lower inflananability limit for injector A and also for the case of in- 

jection at the nozzle end (see Figs, k,   5,  and 14). An explanation of 

this is that at the lower inflammability limit a slight increase in the 

chamber pressure initiates combustion whereas a decrease in pressure may 

cause combustion to cease. Therefore, it is püssibie for a pressure 
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wave to travel in the charaber at the lower inflammability limit causing 

only localized combustion and using the available energy in the propel- 

lants solely for the propagation of the wave. This causes pressure oscil- 

lations to occur near the lower inflammability limit. If the equivalence 

ratio were raised slightly, combustion would occur throughout the chamber 

and insufficient energy would be available to support a pressure wave. 

The instability region for injector A with a 6 in. chamber occurred 

at a higher chamber pressure than the instability region for the 2 in. 

length (see Figs, k  and 5)- Hie reason for this shift is explained in 

References (3) and (k)  which state that as the volume of the chamber in- 

creases, the amount of energy released must increase to maintain that 

certain energy release rate per unit volume required for sustaining com- 

bustion pressure oscillations. This is accomplished by increasing the 

propellant flow rate which in turn increases the mean chamber pressure. 

Therefore, the instability region for a longer combustion chamber occurs 

in an area of higher mean combustion pressure than does one for a shorter 

length. 

Head End Injection üear the Axial Center Line of the Chamber 

With injector C, injection was near the axial center line of the 

chamber. The fundamental r.ode of oscillation using this injector was a 

radial node (see Figs. I7 and 13). This was because 'She  energy was sup- 

plied in the center of the charaber where the pressure variation for the 

radial mode was a maximvx:, while that for the "spinning ' mode was a 

minimum. A first radial .-node occurred in the 6 in. long chamber, and a 

second radial mode occurred in the 2 in. long chamber. The reason for 
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the different modes was that the heat release rate per unit volume in 

the 2 in. length was the larger of the two as was discussed above and 

in (3) and (h). 

Head End Injection Between the Periphery 

and Axial Center Line of the Chamber 

Injector B injected the premixed gases on a 4 in. diameter injec- 

tion circle. Both the 2 and 6 in. long motors were stable when using 

that injector. Occasional transient radial and tangential modes were 

observed in the 2 in. chamber where the heat release rates were high (3) 

(k).  but none of the oscillations was self sustaining. A possible ex- 

planation of this is that symmetrical injection, midway between the 

center and periphery; supplies the energy to the chamber in such a loca- 

tion that it favors neither mode of oscillation. That is, the oscilla- 

tions compete equally with one another for the available energy in the 

combustion zone; and neither receives enough to sustain itself. It is 

conceivable; then, that both uhe radial and tangential modes could be 

supported at mean chamber pressures above 200 psia where the energy 

available per unit volume is higher than was obtainable in this inves- 

tigation. 

.Vide Injection 

General Discussion 

Injection in the side of the chamber made it possible to study the 

effects of injection direction and of injection location at different 

distances from the nozzle  on the combustion pressure oscillations. 
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Side Injection With a 2 in. Long Combustion Chamber 

Injection in the side of a 2 in. long motor caused the same 'spinning" 

mode of oscillation that occurred with the head end injector that had a 

6 in. diameter injection circle. This was because both injectors provided 

energy near the periphery of the chamber where the pressure variation for 

the "spinning" mode was a maximum. One difference in the instability 

regions for these two injectors was that the instability region for the 

side injection system had an area near a stoichioraetric fuel air ratio 

where the second tangential mode occurred. This type of oscillation was 

made possible by the velocity distribution of the injection system par- 

tially reinforcing that of the acoustic mode (see Fig. 25). Another dif- 

ference was that the side injection motor did not have a region of high 

amplitude oscillations near the lower inflammability limit (see Figs, h 

and 11). 

Side Injection '•■lith  a 6 in. Long Combustion Chamber 

Changing the length of the combustion chamber had a profound effect 

on the combustion pressure oscillations. Side injection in a 6 in. long 

chamber caused no instability^ but previously in a 2 in. long chamber 

high amplitude transverse combustion pressure oscillations occurred. 

The reason for this difference was that the heat release rate per unit 

volume was lower in the i in. long chamber than In the 2 in. long cham- 

ber. Moreover, with the side injection system, the propellants were 

injected toward the axial center of the chamber and tended to oppose the 

velocity distribution for the tangential mode (see Fir;. 25).  Thus, the 

dissipative effects of side injection were larger than for a comparable 

system with head end injection for that mode. Head end injection near 



the periphery^ however^ caused a cylindrical chemical reaction zone near 

the outer wall where the transverse pressure oscillations were a maximum 

and a velocity distribution which did not directly oppose the velocity 

distribution of a tangential mode. Thus, side injection did not support 

transverse modes of combustion instability as readily as head end in- 

jection near the periphery of the chamber. 

It can be concluded that the combination of the chemical reaction 

zone, the velocity distribution for the oscillations, and the larger 

volume of the 6 in. long chamber created a situation where no transverse 

oscillations were self-sustaining for the side injection system. 

Side Injection ",:ith a 1^- in. Long Combustion Chamber 

Side injection near either end of the combustion chamber caused 

high amplitude longitudinal oscillations because the chemical reaction 

zone was confined by the side injection system to the ends of the cham- 

ber where the longitudinal pressure variations were a maximum. The 

longitudinal pressure variations are a maximum at the ends of the com- 

bustion chamber because of a reflection phenomenon at the ends of the 

chamber. This phenomenon is discussed in References (9) and (10) which 

state that the reflected pressure wave frcm the ends of the chamber 

adds to the local pressure which has not yet decayed to the mean value of 

the chamber. This causes a build-up of the pressure variation at the 

ends of the chamber. Side injection at the ends of the chamber there- 

fore supplied energy whore the pressure waves could obtain the maximum 

energy available. 

Side injection 7 in. from the nozzle  in the 1J. in. long actor sup- 

plied the energy to the system -.iherc  the longitudinal pressure variations 
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were a minimum. The energy that the pressure wave received from the 

burning propellants was; therefore; smaller than if injection had been 

at the ends of the chamber; and no combustion pressure oscillations were 

observed when injecting at that location. In addition to this; the 

distance from the chemical reaction zone to either end of the combustion 

chamber was less than the lower critical length;"* therefore the pres- 

sure wave traveled from the zone of chemical reaction to the end of the 

chamber and reflected back again before sufficient fresh propellants 

could be injected into the chamber to support the pressure wave. More- 

over; since it is possible that the recently injected and unburned pro- 

pellants flowed both upstream and downstream into burned gases, the 

available energy per unit volume was too small for sustaining longi- 

tudinal pressure waves. 

Nozzle End Injection 

General Discussion 

Injection in the nozzle end of the chamber war-  limited to the in- 

jection pattern in injector A of Fig. 3 because of the presence of the 

nozzle. That injection pattern was chosen so that a comparison could 

be made between nozzle end Injection and head end injection. 

Comparison of Nozzle End Injection to Head End Injection 

The mode of combustion pressure oscillations observed for the head 

end injection pattern was also observed for the nozzle end injection 

* The "lower critical len^h" is the length below which no longitudinal 
combustion pressure oscillations occur for a given rocket motor, pro- 
peilant combination; and head end injection. 
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pattern. The amplitude of the oscillations, however; were much less 

with the nozzle end injector (see Figs. 22 and 23). In fact, the ampli- 

tude of the oscillations in the 6 in. long chamber was never greater 

than 3'0 psid. A possible explanation for this is that the combustion 

gases in the motor having injection in the nozzle end were forced to 

traverse the chamber approximately twice. Since the injector and nozzle 

were at the same end of the motor, the burning propellants near the in- 

jector were diluted with burned gases as they moved toward the nozzle. 

This caused less energy to be available for sustaining the pressure 

oscillations. 
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CONCLUSIONS MD RECOMMENDATIONS 

From the results of this investigation the following conclusions 

were made for the 7 in- diameter rocket motor: 

(1) By the choice of the proper injection location and pattern, 

stability or instability can be predicted. 

(2) If the burning is unstable, the mode of oscillation can be 

predicted. 

(a) Head end injection near the periphery of the chamber 

tends to drive a tangential mode of oscillation. 

(b) Head end injection near the center of the chamber 

tends to drive a radial mode of oscillation. 

(c) Side injection near either end of a combustion chamber 

that is longer* than the "lower critical length" causes 

high amplitude longitudinal oscillations. 

(3) Injection in the nozzle end of the chamber causes much lower 

ampliturle oscillations than does head end injection. 

(h)    The injection schemes that do not support combustion pressure 

oscillations are: 

(a) Injection in the head end of the motor through holes 

located on a circle concentric with the outer periphery 

* It is conceivable that an upper limit on the length of the chamber 
exists at which length no longitudinal oscillations will occur (see 
References (2),   (5), and (6). 
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of the combustion chamber with the diameter of the 

circle of holes half the diameter of the combustion 

chamber. 

(b) Injection in the side of a combustion chamber which 

has a length to diameter ratio of approximately 1.0. 

(c) Side injection at the mid-point between the nozzle and 

head end of a ih  in. long combustion chamber. 

For a better understanding of injection effects on combustion  

instability, the following investigations should be made: 

(1) An investigation of injection velocity. 

(2) An investigation of injection from the head end of the 

combustion chamber with a semi-porous injector. 

(3) An investigation of the effects of propellant mixing. 
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V 

cps. 

D 

d.c. 

EyA 

E.R. 

f 

k 

K 
o 

L 

P 

F' 

P 
c 

pcia 

velocity of sound 

area of orifice 

specific heat at constant pressure 

specific heat at constant volume 

cycles per second 

inside diameter of ccrabustion chamber 

direct current 

ethylene-air propellant combination 

equivalence ratio 

oscillation frequency 

local acceleration due to gravity 

Bessel function of order m 

specific heat ratio (c /c ) v p v' 

orifice flow coefficient 

length of combustion chamber 

mean static pressure 

instantaneous static pressure 

mean combustion chamber pressure 

pounds per square Inch 

pounds per square inch absolute 
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psig 

psid 

R 

R 
g 

R 

sec. 

t 

T 

v 

w 

Y 

H 
P 

AP 

pounds per square inch^ gage 

pounds per square inch; differential 

radius 

gas constant 

degrees Ranlcine 

second 

time 

absolute temperature 

instantaneous particle velocity 

weight rate of flow 

expansion factor 

specific weight 

density of a given mediun 

static pressure drop across an orifice 

oscillation frequency in radial plane 

oscillation frequency in axial plane 
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APPENDIX B 

THEORETICAL ACOUSTIC OSCILLATIONS 

The classical acoustic wave equation; 

2 ,^2 ,  öV /^ 
a V P = —5- (1) 

bt2 

is limited to weak amplitude oscillations^ no heat addition, and no mass 

flow in or out of the resonant column. Combustion pressure oscillations 

in rocket motors occur having high amplitude fluctuations, heat addition, 

and mass flow in and out of the chamber. It, therefore, seems question- 

able to use this equation as a theoretical approach to the problem. It 

has been found, however, that the frequency of oscillations are surpris- 

ingly well described by classical acoustics. It seems justifiable, 

then, to consider the solution of the wave equation as a guide to oscil- 

lation frequencies in rocket motor combustion chambers. 

The wave equation expressed in cylindrical coordinates (r, 0, z) is: 

Jw^^i^i.^:, (2) 
at       cZ    dr r 00 

The general solution*- to this equation as given in Reference (ll) is: 

coc f D\ fU^\   T fi*JLL\   -^2rtft ,_v p' =  .  {in0} cos { ) J ( ) e (3) sm K    ' v a   m  a v 

* A discussion of the method of solving equations of this type is given 
in Reference (12). 
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where; 
jr a 

z   L 
(T)Z = 0, 1, 2, 3....) (4) 

«a a 

r    R (5) 

2      2 n     a 
(ir) + ^~) (6) 

i'/here ri ; m; n are wave numbers for the axial (longitudinal)^ 

tangential^ and radial modes respectively. If only one of the wave num- 

bers is not zero; the mode is said to be "pure." If more than one is 

not zero., the corresponding mode is a "combination11 mode. There are an 

unlimited number of combinations depending on the values of n , m, and n. 
Li 

The quantities a   are roots of the equation dJm(m)/da= 0 which 

is required in the solution of the wave equation. Some selected values 

of a   as given in Reference (ll) are as follows: 
ran v ' 

ra\P 

0 0.000 1.2197 2.2331 3.2383 

1 0.5861 1.6970 2.71^0 3.7261 

2 0,9722 2.13^6 3.1734 4.1923 

3 1.13373 2.5513 3.6115 4.6428 

Pr essure Flue tuat ions 

For a "pure" first tangential mode, m - 1,  n = r,    =0.    The cor- 

responding pressure function is: 

,       T    /2rfrv .    -i2jrft 
p'   = .1-,   ( )  cos 9 e 

la (7) 
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ai.oa 

2R 
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(8) 

Equation (?) "W be witten; 

p       1 ^T~^ cos cos  (2rt ft)  - i sin (2jt ft) J (9) 

Using the real part: 

P1 = J-, (^^■) cos 0 cos (2« ft) (10) 

For a "pure" first radial mode, n = 1, m = T] =0. 
Sä 

The corresponding pressure function is: 

.       T    /Sjrfrx  -x'2jt ft 
P'  = J0  (—) e (11) 

where in this case; 

2R (12) 

Using the real part of equation (ll): 

P' = J0 (~^)  cos (2a ft) (13) 

Expressions for the pressure fluctuations for other modes can be 

found by using different values of m, n, and r\  . 

Particle Velocity 

A relationship for the particle velocity as a function of the pres- 

sure fluctuation can be obtained from Newton's equation of motion: 

,öv P (i) = - w ilk) 
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Substituting into equation (lA) for p' from equation (3) we get 

P  W \7 
-'zZ 

cos (m0j cos ( } J (—■—) e 
m ' a (15) 

Rearranging and integrating both sides: 

v =i^f v 
/ rx ■  /^z s T /urrs -i2n  ft 

cos (mO) cos ( j J ( ] e 
a   m  a 

(16) 

The equation of the particle velocity as a function of the pressure 

fluctuations (from equation (l6)) is: 

ip2itf VP' (17) 

The equations derived in this  report serve to give a physical 

picture of the oscillations found in cylindrical combustion chambers. 

Figure 25* represents the pressure and particle velocity for some selec- 

ted modes.  It can be noted from Fig. 25 that a "spinning" mode is the 

same as a standing tangential mode except the "spinning mode spins 

within the chamber whereas the standing tangential mode sloshes back and 

forth in the chamber. The frequencies of the twc; however, are the same. 

A more detailed discussion of traveling waves is given in Reference (13)- 

Complete solutions of the above equations are given in References (l); 

(13); and (14). 

Qjciilation Frequencies 

The theoretical frequencies of the pressure oscillations are given 

by equation (6). 'The speed of sound was calculated, assuming a perfect 

* Figure 25 is a correction of Fig. 25 in Purdue University Report 1-60-1. 
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gas; from the equation 

Vkg R T (18) 

For an equivalence ratio of 1.0 the adiahatic flame temperature for 

ethylene and air is ^200 R. The speed of sound at this temperature is: 

1/2 
a = (32.2)(1.2?)(53-6)(4200) = 3028 fps 

Since the diameter of the combustion chamber used in this investigation 

was 7 in., 2 R is O.582 ft. 

For a first radial mode, a  = 1.2197' Tbe theoretical frequency of 

the first radial mode is: 

(1.2197)(3028) 
"  O.582 

63OO cps 

For the first tangential or "spinning" mode a  = O.5861. The cor- 

responding frequency is; 

(C-^f8) = 3.00 cps 

The frequencies of the second radial and tangential modes can be 

calculated using a   equal tc 2.2381 and 0.9722 respectively. 

Since the speed of sound in the combustion chamber is a function of 

the flame temperature; the frequency of the oscillations decreases as the 

propeilant mixture ratio is increased or decreased from stoichiometric (8) 
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APPENDIX C 

DESCRIPTION OF APPARATUS 

Test Cell and Control Room 

Figure 26 illustrates the plan view of the test cell and control 

room in which the rocket :::ctor under investigation; propellant feed 

lines, and control components were mounted. The rocket motor was con- 

trolled remotely from the control room. The steady state and high fre- 

quency instrumentation was also located in the control room. 

Research Rocket Motor 

A 7 in. diameter preraixed gaseous propellant rocket motor was used 

in all three phases of this investigation. The only parameters that 

were varied were injection location; chamber length; mean chamber pres- 

sure; and equivalence ratio. All other parameters were held constant. 

Figure 27 is a cross section of the motor used for the head end in- 

jection studies. Figure 26 is a cress section of the injection scheme 

used in this phase. The fuel and oxidizer were mixed in the mixing 

chamber. After mixing, the iropcllants passed through "so.   ^w^es" to 

the injector. These holes -„'ere designed to isolate the combustion cham- 

ber from the feed lines,. This prevented low frequency oscillations in 

the chamber (chugging phenomenon) and flash-back* into the mixing chamber. 

*  Burning in the mixing chamber 
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After passing through the sonic orifice baffle," the propellants passed 

through a water cooled injector to the chamber. The injection holes (in 

all cases 0.177 in. in diameter) in the injector plate were arranged in 

three different patterns. The three injection patterns are presented in 

Fig. 3. 

Figure 29 is a cross section of the motor used in the side injection 

studies. The mixing chamber was external to the motor and the mixed 

propellants were transmitted to the different injector units through 

tubes. Six individual injector units were equally spaced around a 2 in. 

long combustion chamber spacer. A photograph of the motor with side 

injection is presented in Fig. 2. 

Figure 30 is a cross section of an injector 'unit. The injector unit 

consisted of an injection baffle and a sonic orifice baffle fitted to- 

gether. These parts were made of stainless steel since the injector 

units were unccoled. 

In the nozzle end injection motor, the afore-mentioned injector 

units were placed in tapped holes in the nozzle plate. They were arranged 

so that the injection pattern was identical to that of the head end in- 

jector with the injection holes on a 6 in. injection circle diameter 

(see Fig. 3 injector A). 

The nozzle used in all the motors in this investigation was a 

DeLavai nozzle with a 0.>3 in. throat diameter. The converging-diverging 

part of the nozzle was  made of stainless steel, while the flange part of 

the nozzle was made of mild süeei. A water cooling jacket cooled the 

converging approach and throat, while external coaling tubes cooled the 

diverg-'ng section of the nozzle. Jince thrust was of no interest in this 
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investigation, the diverging section of the nozzle was employed for pro- 

tecting the instrumentation mounted in the nozzle plate from the hot ex- 

haust gases. 

Tapped holes were provided in the chamber sections^ head plate; and 

nozzle plate for mounting igniter plugs, pressure transducers, thermo- 

couples, pressure taps, and other auxiliary fittings. 

An ordinary automotive spark plug was used to ignite the propellants 

in the chamber. The spark plug was energized by an aircraft engine 

magneto (Allison V 1710). Hie magneto was driven by a l/4 horsepower 

electric motor. 

Propellant Supply System 

The propellants used in this investigation were gaseous ethylene and 

air. Figure 31 is a schematic diagram of the plumbing system used to 

control and supply the propellants to the motor. The fuel was supplied 

from commercial compressed gas cylinders. A bank of two or more of these 

cylinders were connected to the fuel supply line through a manifold. The 

initial supply pressure was about 1200 psig. 

The fuel flow was controlled by hand valves on the cylinders, a 

solenoid operated shut-off valve, and an externally controlled Grove 

pressure regulator (iype HBX 204-015). The Grove regulator controlled 

the upstream pressure to a sharj edge, thin plate metering orifice. 

This regulated the fuel flow rate through the orifice. The control air 

in the Grove regulator was varied by a hand operated Atlas pressure regu- 

lator in the control rccm. After passing through the metering orifice, 

the fuel flowed to a bipropellant valve (obtained from an Aerojet 

38 AIIW-I5OO JATO unit) and thence to the motor. 
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Air was supplied to the system from a bank of pressure tanks at a 

pressure of about 1500 psig. The air in these tanks was replenished 

when needed from a centrally located compressor at the Jet Propulsion 

Center. 

After the air passed through a series of hand valves,, it passed 

through an externally controlled Grove regulator (Type  WBX 306-0^-). The 

regulator was controlled by air from an Atlas pressure regulator in the 

control room. Downstream from the Grove regulator was a sharp edged, 

thin plate metering orifice. The air flow rate was controlled by varying 

the upstream pressure to the orifice with the Grove regulator. After 

passing through the orifice, the air flowed to the bipropellant valve 

and thence to the motor. 

Instrumentation 

Steady State Instrumentation 

Figure 32 is a photograph of the steady state instrumentation in 

the control room. The steady state parameters indicated in this inves- 

tigation were propellant temperatures; orifice pressure drops, pressures 

upstream to the orifices,, fuel and air supply pressures. Grove regulator 

control pressures, combustion chamber wall temperature,, and mean combus- 

tion pressure. 

The thin plate orifices were jsed for metering the flow of fuel 

and air. The pressure drop across the orifices was measured by 'rfiancko 

differential pressure transducers (Model P 1203). The signals from the 

transducers were recorded or. two Minneapolis-Honeywell (Model 153xl^- 

V-II-III-118-N2) self-balancing potentiometer recorder:.. 
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Conventional iron-constantan thermocouples were used to measure all 

temperatures. Simplytrol millivoltmeters were used to indicate the tem- 

peratures to the operator. 'The propellant temperatures were used in the 

calculation of the propellant densities. 

The pressures upstream to the two orifices and the combustion cham- 

ber pressure were recorded on Esterline Angus Bourdon type pressure 

recorders. Bourdon type pressure gages were used to indicate all static 

pressures. 

Hi^h Frequency Instrumentation 

Figure 33 is a photograph of the high frequency instrumentation in 

the control room. The pressure oscillations in the combustion chamber 

were measured with flush mounted Photocon*- (Models ^k2 and  3^3) pressure 

transducers. Eynagage units (Model D.G. hOO  or D.G. 101 and power sup- 

ply) were used to convert the signals from the transducers to a voltage 

output that was proportional to the pressure in the combustion chamber. 

The signals from the Dynagage units were recorded on an Ampex 

Series FR-100B multi-channel tape recorder/reproducer. The reproduced 

signals from the tape recorder were recorded for visual observation by 

using a Hathaway model SC-l6 B six-channel recording oscillograph. 

A Dumont type 30^-H cathode ray oscilloscope and a Tetronix type 

502 dual beam cathode ray oscilloscope were used to monitor the pressure 

oscillation signals from the Ampex tape recorder or Dynagage units. 

* A discussion of the frequency and transient response characteristics of 
Fhotocon transducers and associated equipment is given in Reference (9)- 
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APPENDIX D 

PROCiilDURE FOR CONDUCTING A ROCKET 

MOTOR RUN AND EVALUATING THE DATA 

7k 

Calibration of Equipment 

Steady State Measuring Equipment 

Before each test run was initiated; all necessary equipment was 

calibrated. The Bourdon type pressure gages were only checked periodically 

due to their high reliability. 'The electrical differential pressure 

transducers, however,, were calibrated prior to each run with an Ashcroft 

Gage Tester, Tyj>e  1300. The thermocouples used to measure the various 

temperatures were calibrated only at the time of their installation and 

were checked periodically for accuracy. 

High Frequency Measuring Equipment 

Since the output fron each Fhotocon-Eynagage combination was dif- 

ferent, it was necessary to calibrate each Photocon with the Eynagage 

unit it was being used with during the run. They were calibrated 

statically every two weeks or 30 days depending on the frequency of use. 

Calibration consisted of applying a known pressure to the Photocon with 

compressed air and measuring the voltage output from the Dynagage. Since 

the output from the Dynagage units was linear with pressure, it was only 

necessary to take two readings. The result was a constant (psi/volt) 
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relating the pressure applied to the Photocon to the voltage output of 

the Dynagage. 

The Ampex record and reproduce units were checked and adjusted 

periodically according to the "Performance Check" instructions in the 

Arapex manual. 

Firing the Rocket Motor 

After combustion was initiated in the rocket raotor; a desired opera- 

ting condition was obtained by adjusting the flow rates of the propellants. 

At the desired chamber pressure and equivalence ratio the steady state 

recording instruments were marked and the point was correlated with the 

pressure recordings on the tape recorder by means of the audio channel 

of the tape recorder. The procedure was repeated for other desired 

operating conditions, '..ner. the chamber walls had reached approximately 

800 F; the run was terminated. The motor was cooled after each run by 

forcing water into the chamber and out drain holes. The water was purged 

from the chamber before another run was initiated. This procedure was 

repeated until sufficient data were obtained to define the instability 

region and oscillation ampl'tudec for the motor under investigation. 

Evaluating the Data 

The Ampex tape recorder used in this investigation had a tape trans- 

port which could be operated at six different rotational speeds.. This 

made it possible to record az  one  speed and reproduce at another. Re- 

cordings of the high frequency oscillations were made at a tape speed of 

60 in,/sec and were reproduced at a speed of 1 7/8 in./sec. The time 

base change was 32:1. This made it possible to record much higher 
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frequencies on the Hathaway oscillograph recorder than was possible with- 

out the tape recorder. 

The amplitude of the pressure oscillations was determined by com- 

paring the Hathaway record of the taped pressure signals to a prerecorded 

taped calibration signal. This was then compared to the calibration of 

the Photocon-Dynagage combination described above. 

The propellant flow rates were calculated from the equation 

w = 0.668 KoAoYoV^P (19) 

where ^p is the metering orifice pressure drop and ß  is the specific 

weight of the propellant upstream to the orifice. The propellant was 

assumed to obey the perfect gas law. The specific weight could therefore 

be calculated from the formula: 

.^fe (20) 

The equivalence rati : for each data point was found by dividing the 

rate of fuel flow by the rate of air flow and dividing the result by 

the stoichiometric fuel-air ratio by weight for the propellant combination. 
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